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Abstract 

A well ordered Fe(OOl) ultra thin film epitaxially grown on MgO(OOl) has been oxidized by post 
deposition annealing in oxygen atmosphere. LEED patterns indicate the formation of magnetite 
(Fe 304 ) after one hour of oxygen exposure. The LEED pattern remains stable despite annealing 
the sample for further four hours. In contrast X-ray Photoelectron Spectroscopy (XPS) of the Fe 
2p core levels suggests the formation of an iron oxide comprising mostly of merely trivalent iron. 
This discrepancy is analyzed and discussed employing charge transfer multiplet calculations for the 
Fe 2p XPS spectra. We find that Mg ion segregation from the substrate into the magnetite thin 
film replacing octahedrally coordinated Fe^"*" ions and the excess occupation of octahedral sites 
which are unoccupied in the ideal inverse spinel structure are driving forces for the altered shape 
of the Fe 2p XPS spectra. Different potential models which might explain the nature of the Mg 
ion segregation into the magnetite films are discussed. 
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I. INTRODUCTION 


Among a huge number of transition metal oxides, which display a remarkable variety 
of unusual transport properties and collective ordering phenomenal^, iron oxides are of par¬ 
ticular interest. The importance of these materials stems partly from the quite different 
chemical and electronic properties in dependence of the Fe valence state, making iron oxides 
possible candidates for catalytic applications,- and partly from the half metallic, ferromag¬ 
netic ground state of magnetite (Fe 304 )^‘^. Magnetite crystallizes in the cubic inverse spinel 
structure structure (equal distribution of Fe^"*" on A and B sites and Fe^"*" exclusively on B 
sites) with lattice constant a=0.8396nm (space group Fd3m). The oxygen anions form an 
fee anion sublattice. Due to the high Curie temperature of 584°C, in particular Fe 304 thin 
hlms are very interesting candidates for various potential future applications in magnetic 
data storage technology or for so called spintronic devices^*^. 

The exact knowledge of the nature of the Fe 304 surfaces and interfaces between magnetite 
and substrate are essential for the design of potential tunnel magneto resistance (TMR) 
building blocks^*^. As to the surface structure of magnetite, several models were presented 
for both A terminated and B terminated surfaces. For instance, an early model presented 
by Chambers et al. assumed that the magnetite surface is A terminated and half of the 
regular A sites which are usually occupied by Fe^"*" ions are not occupied^. Therefore, this 
model explained in a quite ’’natural way” the (\/2 x \/2)R45° reconstruction well known for 
magnetite. In the meantime, however, more sophisticated models have been developed on 
the basis of calculations Density Functional Theory (DFT)^^— . These models have been 
verihed by several experiments including Grazing Incidence X-ray Diffraction (GIXRD) and 
Scanning Tunneling Microscopy (STM)^^'^^'^^. The main ingredients of this model are, hrstly, 
charge ordering in B subsurface layer inducing alternating Fe^+ and Fe^+ dimers forming 
a (\/2 X \/2)R45° pattern (cf. FigH]). This charge ordering is, secondly, accompanied 
by a Jahn-Teller distorted anti-phase ordering of the Fe surface ions. In addition, the Fe 
surface layers is Fe^"*" rich as reported from previous experiments with X-ray Photoelectron 
Spectroscopy (XPS) and X-ray Photoelectron Diffraction (XRD)^. 

MgO (cubic rock salt structure, a=0.42117nm) is one of the most promising substrates 
for epitaxial thin him growth of magnetite due to the rather small lattice mismatch of only 
0.3%, comparing the oxygen sublattices. Also, magnesia is commonly used as the barrier 
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^ Fe^*(A) - tetrahedral site subsurface 
O O Fe^7Fe^*(B) - octahedral site subsurface 
O Fe"*(S) - octahedral site surface 

oo - octahedral site 

FIG. 1. Model for the (v^ X \/2)R45° reconstructed magnetite surface (a) top view and (b) side 
view. For the first subsurface B sublattice the Fe^^ and Fe^"*" ions are charge ordered and the Fe 
ions of the B terminated surface form a wavy pattern. In addition, the tetrahedrally coordinated 
Fe^+ of the A lattice occupy sites where adjacent octahedral sites of the B lattice are not occupied. 


material in magnetic tnnnel jnnctions, which are the bnilding blocks for many spintronic 
applications^. However, potential Mg segregation into the grown Fe 304 thin him is a major 
potential drawback, which usnally occnrs if the MgO snbstrate is heated to 300°C and above 
dnring magnetite growth. Mg interdiffnsiorti^^— and the formation of an MgO rich interface 
layer have been reported^Si^— . MgO segregation across the Mg 0 /Fe 304 interface is crucial 
since the inhuence of grain boundaries, interface roughness and in particular anti phase 
boundaries, which might partly stem from Mg segregation into the Fe 304 layer, on the low- 
held magneto resistance response is at least partly controversial^^—. In particular, Kalev 
et al. hnd the Fe ions at the Fe 304 /Mg 0 interface to be in the Fe^"*" valence stated, leading 
to a signihcant reduction of spin huctuations and magnetic neighbors at the interface. Very 
recently it has been found that additional electron scattering at the anti-phase boundaries 
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has to be considered in order to explain the transversal magneto resistance in epitaxial 
Mg 0 /Fe 304 thin him systems^^. Hence, a detailed characterization of the interface including 
the presence of antiphase boundaries, width of structural domains and other crystallographic 
effects which may be introduced by Mg ion segregation or diffusion during the growth process 
is an indispensable tool if one wants to understand the contradictory results according to 
the magnetotransport properties of Mg 0 /Fe 304 multilayers. 

The modihcation of the electronic, magnetic and structural properties due to Mg^"*" ion 
segregation and diffusion into the magnetite layer has been mostly associated with the 
replacement of octahedrally coordinated Fe^"*" ions with Mg^’*' ions22. Here we go a step 
further and investigate the surface and interface of Mg 0 /Fe 304 bilayers grown by molecular 
beam epitaxy of Fe with subsequent post deposition annealing oxidation by means of low 
energy electron diffraction (FEED) and x-ray photoelectron spectroscopy (XPS). The Fe 2p 
core level spectra are furthermore analyzed by means of charge transfer multiplet (CTM) 
simulations. Mg^+ segregation onto octahedrally coordinated Fe^"*" sites is one process taking 
place during the Mg interdiffusion process into the magnetite layer. Furthermore, additional 
analysis of the Mg:Fe ratio suggests that Mg^+ ions also occupy parts of the unoccupied 
octahedral sites of the ideal inverse spinel structure. 


II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION 

The experiments were performed in a multi-chamber ultra high vacuum (UHV) system 
with a base pressure of 10“^° mbar. The XPS system consisted of a SPECS XR50 x-ray 
source providing A1 Kq.^ ^ radiation at 1486.6 eV and a PHOIBOS 150 hemispherical electron 
analyzer with a resolution of 1 eV. FEED images were obtained with ErFEED 150 optics. 

Polished MgO(OOl) substrates (miscut < 1°) were cleaned in-situ by annealing for one 
hour at 700°C in 10“^ mbar oxygen atmosphere. Afterwards purity and quality of the sub¬ 
strate surface were checked by XPS and FEED prior to him deposition. 

An iron oxide him was prepared in two steps. First, a pure iron him was deposited by 
molecular beam epitaxy (MBE) from an iron rod heated by electron bombardment. The 
amount of deposited material was monitored by a balance quartz. The MgO(OOl) substrate 
was held at room temperature during deposition. XPS showed that the Mg 2p signal from 
the substrate was completely suppressed, thus the deposited him was at least 5nm thick. 
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Also careful analysis of the Fe 2p spectrum showed no signal of iron oxide was observed at 
this stage, indicating a pure metallic iron him. 

The iron him was then treated in 10“® mbar oxygen atmosphere at a temperature of 
300°C. This process was performed in cycles of one hour of oxygen exposure followed by 
XPS and FEED measurements. Because of the insulating character of the substrate strong 
charging ehects were observed in the photoemission (PE) spectra. Therefore, the recorded 
PE spectra were calibrated to the binding energy (BE) of the O Is signal at 530 eV. 


III. CALCULATION METHOD 

A charge transfer multiplet (CTM) model were used to calculate the Fe 2p PE spectra of 
iron oxides. The approach is based on a cluster model. It is especially useful to describe core 
level spectra of transition metals because of the strong inhuence of unpaired electrons in the 
d shells^. Within this method the sample is described by clusters consisting of a single metal 
ion in the center and the influence of symmetrically aligned neighboring oxygen ligands. The 
ground state of the metal ion is assumed to be a linear combination of the regular electronic 
conhguration Sd^ and the charge transfer configurations and where one 

and two electrons have been transferred from the oxygen ligand shell L to the metal ion, 
respectively, n denotes the number of d electrons of the metal ion and L denotes a hole in 
the oxygen ligand shell. Similarly, the final state after emission of the Fe 2p photo electron is 
described by a linear combination of the configurations cSd"^, c3d"‘~^^L and c3d'^~^‘^L^, where 
c denotes a hole in a metal core shell. The energy difference between the conhgurations is 
dehned via the Coulomb interaction Q between core hole and d electron. Compared to the 
normal conhguration, the two charge transfer states are lowered in energy by Q and 2Q, 
respectively. It has been reported that this reordering of states is the reason for the strong 
satellites in the PE spectra of transition metals^. 

In the CTM calculation in addition to the Coulomb interaction the correlation energy (U) 
between two d electrons, the oxygen 2p to metal 3d charge transfer energy (A) and the oxygen 
2p to metal 3d hybridization energy (T) are explicitly taken into account. Correlations 
between the parameters and a set of values able to describe experimental data of Fe 2p PE 
spectra were discussed previously^. We therefore limit our analysis to the literatnre values 
of these parameters as presented in Table [H Following Fuji et al— the crystal held strength 
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was fixed at 1 eV for octahedral symmetry because this parameter had only minor influence 
on the spectral shape. In tetrahedral symmetry the sign of the crystal held is reversed. 


Fe site 

A (eV) 

T(e,) (eV) 

T(t 2 .) (eV) 

U (eV) 

Q(eV) 

Fe^+ 

^^oct 

4.0 

2.3 

-1.15 

7.0 

7.5 

Fe^+ 

2.0 

2.2 

-1.1 

7.5 

8.0 

Fp3+ 

2.0 

1.35 

-2.7 

7.0 

7.5 


TABLE I. Parameter values used for the cluster calculations of the Fe 2p PE spectrum of Fe 304 . 
Taken from^i. 


IV. RESULTS 

A. Characterization of the pure Fe film 

LEED and XPS results of the pure Fe him after deposition are shown in Fig. [2J The him 
exhibits the clear (1 x 1) LEED pattern of Fe(OOl) presented in Fig. [2|^a). No additional 
dihraction spots are observed. Compared to the LEED pattern obtained from the MgO(OOl) 
substrate, however, the dihraction spots obtained from the Fe(OOl) him are broadened. This 
points to some disorder for the RT grown Fe him. The PE spectrum of the Fe 3p region 
in Fig. [2] (b) shows that the Mg 2p signal at 49 eV is completely suppressed, indicating a 
closed him of at least 5nm thickness. The Fe 2p peak in Fig. [Vindicates that the him 
consists mainly of metallic iron (cf. Fig. E] (c)). The position of the main peak corresponds 
well to literature data for metallic iron. However, the shoulder located at around 709.5 eV 
(literature data for Fe^"*" and Fe^"*" are indicated by vertical bars) indicates the presence of 
some divalent iron oxide at the surface of the him. 

B. Qualitative aualysis of the oxidatiou process 

Fig. |3] shows the LEED pattern of the him after one hour of exposure to oxygen. Com¬ 
pared to the initial Fe him additional spots can be observed. The dihraction pattern 
proves that the surface lattice constant has approximately doubled and, in addition, a 
(\/2 X \/2)R45° reconstruction has formed. The appearance of this reconstruction shows 
that the him structure has changed from the bcc lattice of a-Fe to a more complex structure 
with a larger unit cell size. In particular, the observed reconstruction is usually associated 
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(a) Fe/Mg(X()01) 


(Ixl)LFcl • 





FIG. 2. (a) FEED image of an Ee film grown on MgO(OOl). The (1 x 1) Ee surface unit cell is 
indicated, (b) and (c) PE spectra of the Ee 3p and 2p regions of the same Ee film. 

with the formation of magnetite (Fe 304 )^^— . This LEED pattern does not change visibly 
with prolonged oxidation. 

The PE spectra of the Ee 3p region during oxygen exposure are given in Figure IH The 
spectra were taken at one hour intervals during oxidation (equivalent to exposure intervalls 
of 2700 L). The Fe 3p peak is shifted by 3.5eV to a higher BE. The new peak position 
corresponds well to known values for Fe oxides^. A signal of metallic Fe is not observed 
anymore. However, a clear signal of Mg 2p at 49 eV reappears in the spectrum, too. The ratio 
between Fe and Mg in the him is approximately 1 : 1 and remains constant during the entire 
exposure to oxygen. Thus the diffusion of Mg in the iron oxide him is already completed 
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Fe/Mg0(001) j>2:rkL Oj 



FIG. 3. FEED pattern of Ee/Mg0(001) after one honr in oxygen atmosphere at 300°C. A {y/2 x 
■\/2)R45° reconstruction with respect to the Fe surface unit cell is indicated. 



FIG. 4. Fe 3p PE spectra for each step of oxygen exposure (one hour in 10 ® mbar oxygen atmo¬ 
sphere at 300°C). 


after the first oxidation step. In addition, the O Is photoeniission intensity has also been 
analyzed (not shown here). Compared to the cation PE intensities the O Is intensity is 
constant. Finally, we can conclude that the oxide him has the Fe:Mg:0 stoichiometry of 
1:1:3. These observations show that the him is completely oxidized to a depth of at least a 
few nm. Changes in the spectral shape of the Fe 3p peak can not be observed for prolonged 
oxidation. 

Figure E] shows the PE spectra of the Fe 2p region during oxidation. The same steps of 
oxidation as in Figure 0] are given. Again a chemical shift from metallic Fe to Fe oxide is 
apparent, after the hrst oxidation step no metallic Fe is detected for the oxidized him. After 
one hour of exposure to oxygen a plateau of constant intensity between the main Fe 2p3/2 and 




FIG. 5. Fe 2p PE spectra for each step of oxygen exposure (one hour in 10 ® mbar oxygen atmo¬ 
sphere at 300°C). 

Fe 2pi/2 peaks is observed. This spectral shape is usually associated with the formation of 
magnetite (Fe 304 ) as shown in Figure [5l too^. With prolonged oxidation a strong satellite 
peak at about 8eV higher BE from the Fe 2 ^ 3/2 peak gradually appears in the recorded 
PE spectra. This satellite is usually attributed to a stoichiometry involving a higher Fe^"*" 
content which, without any Fe^"*" content, may hnally form maghemite^ ( 7 -Fe 203 ). 


C. Quantitative analysis nsing CTM calcnlations 

The observed FEED patterns demonstrate that all prepared Fe oxide Elms have a surface 
superstructure that is typical for the magnetite Fe 304 ( 001 ) surface. This structure is char¬ 
acterized by three different Fe ion sites in the crystal lattice: Fe^"*" and Fe^"*" on octahedrally 
coordinated sites and Fe^"*" on tetrahedrally coordinated sites. Although the (\/2 x \/2)R45° 
FEED pattern of the him remains unchanged regardless of oxygen exposure, PE spectra 
of the Fe 3p region show that the stoichiometry of the him is not pure iron oxide but the 
oxide is mixed with Mg. Furthermore, the Fe 2p spectra indicate considerable changes of the 
Fe^'''-Fe^''' distribution during post deposition oxidation. A careful analysis with the help of 
CTM calculations has to be performed to explain these discrepancies. 

CTM theory allows the calculation of PE spectra for each metal site in a crystal lattice 
individually. This is demonstrated in Figure El In stoichiometric Fe 304 the three metal ion 
sites Feo(!(-, Fe^jl^. and Fej*^ should be occupied equally. All three CTM spectra show distinct 
satellites with apparent higher BE than the main Fe 2p peaks. For the Fe^"*" octahedral site 
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FIG. 6. Charge Transfer Multiplet calculations for the Fe sites in Fe 304 . From bottom to top: Fe^^, 
FOq^ and Fej^gJj. The resulting stoichiometric summation gives the expected magnetite spectrum 
(top). 

these satellites are located closest to the fundamental peaks {AE ^ 6.5eV). The energy 
separation is slightly larger for trivalent octahedral sites {AE 7 eV) and is largest for the 
tetrahedral site {AE ^ 9eV). A stoichiometric summation of the three CTM spectra results 
in the expected magnetite spectrum without any distinct satellite due to superposition. 
However, if one incorporates Fe vacancies in the oxide him, one or more of the sites will have 
a decreased contribution to the total spectrum and their superposition leads to drastically 
altered spectra. We will now demonstrate that this is the reason for the observed changes 
in the Fe 2p spectra presented in Figure [5l 

We start our analysis on the common assumption that Mg^’*' ions gradually replace some 
of the Fe^"*" ions on octahedral lattice sites in the him to keep the charge neutrality of 
the structure. Then the contribution of the respective Fe site in the superposition of the 
CTM spectra is decreased depending on the ratio of substituted ions. The individual CTM 
calculations themselves are not inhuenced because they are independent of neighboring metal 
sites and only depend on the oxygen ion environment. 

Fig. 0 shows calculations where the ratio of Fe ions occupying Fe^^ sites is gradually 
decreased from 100% to 0% while the occupation of Fco^ and Fe^gJl sites is held constant at 
100%. For comparison the experimental Fe 2p spectrum after one hour of oxygen exposure 
is shown, too. Inspection by eye already shows immediately that Fe^+ ions can not be 
completely replaced by Mg^+ ions since this would result in the spectrum at the top (0% 
Fe^"*" content), which shows a pronounced satellite between the Fe 2pi/2 and the Fe 2ps/2 
peaks. Instead one can conclude that the Fe^’*' content is approximately 40% due to the 
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FIG. 7. CTM calculation of the Fe 2p region for a Fe 304 structure. The ratio of Fe ions occupying 
FCq^ sites is gradually decreased from 100% to 0% (from bottom to top) while Fej))!) and Fej)g)( are 
held fixed at 100%. 

weak apparent satellite at 718 eV. We have also to conclude that there must be many 
ions on non-regular sites of the inverse spinell because that the Mg:Fe ratio is in the order 
of 1 : 1 as concluded from the Fe 3p and Mg 2p spectra. 

In the next step we therefore assume that Mg also influences the Fe occupation of other 
lattice sites as well. To be more specihc, we assume that all occupied octahedral and tetra¬ 
hedral sites may be influenced by the interdiffusion of magnesium. Figure [H] demonstrates 
results for varying ratios of Fe occupying Fej))!) sites while the occupation of the Fe^)!)- and 
the Fe^g); sites was hxed to 40% and 100%, respectively. We characterize the quality of 
the calculated spectra by comparing position and intensity of the calculated Fe satellite 
to the experimental data. Obviously many unphysical combinations of CTM spectra yield 
unrealistic spectral shapes, especially if the ratio of Fe on Fe^gt sites is also allowed to vary. 

Following these aspects we obtain percentage regions that result in good agreement be¬ 
tween calculation and experiment. This is shown in Figure [9] where different exemplary 
calculated spectra are compared to the experimental spectrum obtained after one hour of 
oxygen exposure. A good agreement (cf. Figure [9] A) is only achieved if the (normalized) 
ratio between Fe ions occupying Fe^)!)-, Fej))!)- and FejlJ^ lattice sites is 0.24 : 0.38 : 0.38. Other 
ratios result in strongly shifted main or satellite peaks or wrong satellite intensities. The 
ratios used in these exemplary examples are given in Table HIl It can be seen that at this 
stage of oxygen exposure Mg^+ ions prefer to diffuse to FOg)!). sites while Fej))!)- and FejlJtJ sites 
are still mostly occupied by Fe ions. 
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FIG. 8. CTM calculation of the Fe 2p region for a Fe 304 structure. The ratio of Fe ions occupying 
FCq^ sites is gradually decreased from 100% to 0% (from bottom to top). The ratio of Fe on Fe^)!)- 
sites is fixed at 40%, FeJ^gJi is held constant at 100%. 



FIG. 9. Agreement between CTM calculations and the measured Fe 2p PE spectrum after one 
hour of oxygen exposure. The ratios used in these calculations are given in Table [III 


A similar analysis of the spectrum obtained after five hours of post deposition oxidation 
is presented in Figure flUl Exemplary calculated spectra for different Fe ion occupations of 
octahedral and tetrahedral sites are shown and compared with the measured spectrum. The 
Fe ion ratios used in Figure ITO] are given in Table HTTl In this case best results are obtained 



Fe^+ 

^oct 

F4t 

ht 

A 

0.24 

0.38 

0.38 

good 

B 

0.2 

0.47 

0.33 

bad 

C 

0.32 

0.32 

0.36 

bad 

D 

0.07 

0.4 

0.53 

bad 


TABLE II. (Normalized) ratios between Ee sites occupied by Ee ions for the CTM calculations in 
Eigure [H The first row gives a good fit between calculation and experiment, the last three rows 
give wrong spectral shapes. 
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FIG. 10. Agreement between CTM calculations and the measured Fe 2p PE spectrum after five 
hours of oxygen exposure. The ratios used in these calculations are given in Table ITnl 



Pp2+ 

Fe^+ 

FeS 

ht 

E 

0.06 

0.47 

0.47 

good 

F 

0.14 

0.5 

0.36 

bad 

G 

0.18 

0.35 

0.47 

bad 


TABLE III. (Normalized) ratios between Ee sites occupied by Ee ions for the CTM calculations in 
Eigure [101 The first row gives a good fit between calculation and experiment, the last two rows 
give wrong spectral shapes. 


for the normalized ratio between Fe on Fe^)!^, Fe^jl^ and FejlJ^ lattice sites is 0.06 : 0.47 : 0.47. 
Obviously, the amount of Fe^)!), is substantially reduced while Fe^)!)- and Fe^^ lattice sites are 
still equally occupied. Thus, a higher amount of Mg ions seems to accumulate on Fe^)!)^ sites 
with longer oxidation time. This effect may be attributed to re-ordering between Mg ions 
and Fe ions and to additional cation sites that are be generated by continuing the oxidation 
process. This will be discussed in more detail below. 


V. DISCUSSION 

The segregation of Mg^"*" ions from a MgO substrate into an iron oxide him is widely 
discussed in hterature^>^>^>^. Commonly, it is assumed that these Mg^"*" ions exclusively 
replace Fe^"*" ions which occupy only octahedral cation sites of the inverse spinel structure 
of magnetite and thus, creating a Mg XPS signal. Further it is assumed that during the 
intermixing process the Fe^'*' ions stay on the octahedral and tetrahedal sites where they are 
located in the magnetite structure. Thus, the stoichiometry of this Mg ferrite structure can 
be denoted by Mg^+Fe^l,^Feo)!)-Fetg '(04 with maximum Mg:Fe ratio of 1;2. 
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Here, we present detailed XPS studies on the Fe 2p, Fe 3p and Mg 2p PE spectra to 
follow the Mg ferrite formation during the oxidation process of Fe films on MgO(OOl) at 
elevated temperatures. Information concerning the content of Fe and Mg in the oxide Elms 
are obtained from comparison of the Fe 3p and the Mg 2p PE signal while the distribution 
of Fe"'”*' ions on different sublattice sites can be deduced from Fe 2p spectra. For the latter 
purpose a detailed CTM analysis of the Fe 2p PE spectra has been performed. 

The CTM analysis of the Fe 2p signal agrees with the formation of Mg ferrite since the 
contents of Fe^^ and Fe^gJ^ are equal for each oxidation step while the ratio Fe^’'':Fe^’'' (Fe^"*" 
on both octahedral and tetrahedral sites) decreases continuously. These results, however, 
describe only the relative Fe occupation on the different sublattices. We like to emphasize 
that occupation of adjacent cation sites does not influence our CTM analysis since these 
calculations consider only the local oxygen ligand structure. Any additional positive charges 
introduced into the unit cells here can be balanced by a reordering of the Fe cations. 

While on the one hand the Fe 2p analysis points to ferrite formation, on the other hand, 
this analysis has to be modified considering the combined Fe 3p-Mg 2p PE spectra. They 
show that the Mg:Fe ratio is 1:1 which exceeds the maximum Mg:Fe ratio of 1:2 well-known 
for Mg ferrite. Taking into account theses spectroscopic results and assuming that the 
oxygen anion sublattice retains its fee symmetry without any formation of oxygen vacan¬ 
cies, the total stoichiometry of the high temperature oxidized Fe film can be described by 
Mg^+Fey''‘(Feo)!jFetJ ^)2 04 . In detail, we obtain x>z and y<z for the films studied here after 
the different oxidation steps. 

Thus, these oxidized Fe films contain excess Mg^"*" compared to the complete ferrite 
formation of MgQ)!j.Feo)!j.Fetg)j 04 . The excess of Mg^+ ions is still larger if one takes into 
account that Mg^"*" ions can only replace Fe^"*" ions on octahedral sites and that for the first 
oxidation steps the content of Fe^"*" ions is still considerable. Therefore, Mg^"*" ions have to 
occupy additional sites which are vacant in the inverse spinel structure of magnetite and 
ferrites. 

Here, we assume that Mg^"*" ions are only located on octahedral sites. We like to emphasize 
that our analysis is not sensitive to the coordination of Mg ions. In principal, these ions may 
also be situated on tetrahedral sites. However, this site seems to be quite unrealistic since 
Mg^+ exclusively occupies octahedral sites in both structures MgO (rock salt structure) and 
ferrites (inverse spinel structure). As described above only half of the octahedral sites are 
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FIG. 11. Model of bulk layers for the formation of Mg ferrite and phase separated MgO as 
concluded from the XPS analysis, (a) magnetite (for comparison), (b) Mg ferrite with small Mg 
content coexisting with MgO. (c) Mg ferrite with high Mg content (Fe^)!)- completely substituted 
by Mg^jl^) coexisting with MgO. 
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occupied by cations in the inverse spinel structure. Therefore, it seems to be obvious that 
excess Mg^+ ions can be placed on the vacant octahedral sites of the inverse spinel structure 
(cf. Fig. [TTT alb These sites, however, are blocked by the Fe^g^J ions on adjacent tetrahedral 
sites. Thus, the FefgJj content has to be reduced to gain vacant octahedral sites which are 
not blocked by Fej|glj ions and can be occupied by Mg^+ ions. In addition, Fe^^ content has 
also to be decreased due to the 1:1 stoichiometry obtained from the Fe 2p analysis. 

From these considerations, it is not clear how the sites feasible for Mg^"*" ions are dis¬ 
tributed in the oxidized film. One possiblity that Fe^^ and Fe^^ free regions are formed 
only locally and have point-like character. Another possibility is that these regions free 
from Fe cations agglomerate and, thus, large parts of MgO are formed. Thus, the film un¬ 
dergoes a phase separation in coexisting phases of Mg^+Fe^l,;^Feo^Fetelj 04 ferrite and MgO. 
It seems not to be very likely that Mg ferrite and MgO laterally coexist since in this case 
large parts of the Fe oxide film would be replaced by MgO due to Mg interdiffusion and 
oxidation. Therefore it seems to be easier to explain our results be some (at least partial) 
de-wetting process where Mg ferrite islands are formed on the MgO substrate so that the 
XPS experiment detects additional Mg 2p signal. 

Fig. [111(b) and (c) show schematically the development of the ferrite phase and the MgO 
phase during the oxidation process while Fig. [H] (a) presents the magnetite structure for 
reasons of comparison. In contrast to Fig. [T] showing the surface structure bulk layers are 
presented here. 

The stoichiometry after the first oxidation step is presented in Fig. [TT] (b). Large parts 
of the detected area are covered by MgO while the Mg^+Fe^^,jFeo)!jFete(j 04 ferrite phase 
contents only very little Mg. Approximately one third of the Feo)!j ions are replaced by 
Mgojj- ions. After the last oxidation step almost all Fe^^ ions are substituted by Mg^j^ ions 
and almost pure MgQ+tFeo)^Fetg (:04 (cf. Fig. [TT] fell. 

In addition, our analysis shows that the apparent content of the MgO phase decreases 
during the formation of Mg ferrite. Assuming that the detected Mg XPS signal is due to 
parts of the MgO substrate which is not covered by the ferrite film, one has to conclude 
that the de-wetting process observed for the ferrite film with low Mg content is reversed and 
that the ferrite him with high Mg content spreads out. This effect implies that the surface 
energy for the ferrite him with the high Mg content is smaller than the surface energy of 
the him with low Mg content. Although we did not hnd any report on the surface energy 
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of Mg ferrite, this result agrees well with literature. For instance, the surface energy of Ni 
ferrite is smaller than the surface energy of magnetite^ and substituting Fe^’*' by Mg^"*" in 
wustite decreases the surface energy, too^. 

Our FEED studies carried out in addition to the XPS investigations show a (\/2x \/2)R45° 
superstructure independent of the oxidation step. Since this superstructure is attributed 
to charge ordering of Fejlglj and Fe^^ in the first subsurface B layer (cf. Fig. we 

conclude that the same charge ordering effect appears for Fe^gji and Mg^^ when the latter 
has completely substituted Fe^^ (cf. Fig. [TT] (c)) as well as for intermediate intermixed 
structures (cf. Fig. [TT] (b)). This result differs from (1x4) and (1x3) superstructures 
previously reported for magnetite Elms after Mg surface seggregatiort^ii^. However, in these 
studies the magnetite Elms also deposited on MgO(OOl) were annealed at much higher 
temperatures and at difierent oxygen pressure. Thus, their formation may be attributed to 
additional high temperature difiusion efiects or vacancy formation while the (\/2 x \/2)R45° 
superstructure is stable for moderate oxidation temperatures as used here. 

This observation immediately shows that the formation of Fe 203 in form of maghemite 
is rather excluded, since maghemite does not exhibit a (\/2 x ■\/2)R45° reconstruction. 
Furthermore, the shape of the satellite structure of the Fe 2p core level spectrum may also 
change in a difierent way as observed, as the CTM calculations indicate difierent shapes for 
Fe3+ ions in octahedral and tetrahedral coordination, respectively. 

Regardless of the underlying model XPS data and CTM calculations clearly show that 
the alignment of ions in the film is changing during exposure to oxygen. Although for 
prolonged oxidation the strong Fe satellites in the Fe 2p PE spectra seem to indicate the 
formation of a defect spinel structure such as 7 -Fe 203 , this is not supported by the FEED 
results. In addition, it can be easily derived from Fig. [6] that without the presence of 
Fe^+ ions on octahedral sites the correct satellite positions can not be reproduced. Instead 
we must attribute the appearance of the satellites to a changing alignment of ions under 
continued oxidation. A reason for these changes may be to better balance additional charges 
incorporated in the film during initial oxidation. Further investigations are needed at this 
point to clarify the nature of the structural changes and to determine which of the proposed 
models is correct. In particular, site-sensitive methods like X-ray Standing Waves (XSW) 
may be useful in this regard. 

In summary we reported on the characteristics of an iron oxide film prepared by oxi- 
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dation of a pre-deposited Fe film on MgO(OOl). Although the surface structure and the 
stoichiometry of the film did not change with prolonged oxygen exposure, XPS results indi¬ 
cated changes in the film. We attributed these changes to the segregation of Mg into the iron 
oxide film. The arrangement of Mg and Fe ions on the cation sites in the crystal structure 
of the film was shown to depend on the duration of the oxygen exposure. CTM calculations 
were used to demonstrate that with prolonged oxidation Mg tended to accumulate on Fe^^ 
sites. 
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